Abstract
| INTRODUCTION
Evidence from human and wildlife systems illustrates how changes in symbiont community composition-including the mutualists, commensals and parasites that rely on a host-can affect host health and pathogen transmission (Fierer et al., 2012; Johnson, de Roode, & Fenton, 2015) . For instance, the use of faecal transplants between human patients, which results in increased gut bacterial diversity, can resolve recurrent Clostridium difficile infections (van Nood et al., 2013; Youngster et al., 2014) . Similarly, altering the skin microbial community of amphibians has shown potential to protect against the deadly fungus, Batrachochytrium dendrobatidis (Harris et al., 2009; Woodhams et al., 2014) . Symbiont composition can also affect largescale patterns of transmission by altering within-host dynamics or by affecting host death rates. In tick-borne diseases such as babesiosis and Lyme disease, for instance, interactions between the two causative agents-Babesia microti and Borrelia burgdorferi-can promote transmission and lead to more severe disease in humans (Diuk-Wasser, Vannier, & Krause, 2016) . Thus, understanding the environmental drivers of symbiont community composition is an important goal, and one for which the field of community ecology has much to offer Mihaljevic, 2012; Seabloom et al., 2015) .
Symbiont communities are well-suited for testing general ecological patterns and theories, such as neutral theory, community saturation and island biogeography, among others (Dove, 2006; Krasnov & Vinarski, 2008; Kuris, Blaustein, & Alio, 1980; Kuris & Lafferty, 1994; Poulin, 2007; Poulin, Krasnov, Mouillot, & Thieltges, 2011) .
Understanding the distribution of symbiont communities also carries the applied benefit of informing host health and symbiont transmission dynamics in wildlife and human systems (Fierer et al., 2012; . Metacommunity ecology, which seeks mechanistic understanding of the separate and interactive roles of local and regional processes in shaping communities, offers theory and analytical tools that can be used to explore the factors that affect species composition across space (Holyoak, Leibold, & Holt, 2005; Leibold et al., 2004) . By delineating symbiont communities at multiple hierarchical levels (communities within and among host individuals, host populations or even host communities), the application of metacommunity tools can be used to answer applied questions related to individual host health and among-host transmission dynamics, as well as general ecological questions regarding the structuring of communities Mihaljevic, 2012) .
There are a variety of emerging statistical tools and frameworks to analyse the effects of environmental gradients on free-living and symbiont community composition, including the use of advanced joint species distribution models and structural equation models (Harris, 2015; Ovaskainen et al., 2017) .
One of the most widely used set of statistical tools is derived from metacommunity ecology-the elements of metacommunity structure (EMS, Leibold & Mikkelson, 2002; Presley, Higgins, & Willig, 2010 )-and aims to characterize how communities assemble along environmental gradients, yielding insights into systems ranging from plants to fish to mammals (e.g. de la Sancha, Higgins, Presley, & Strauss, 2014; Fernandes, Henriques-Silva, Penha, Zuanon, & Peres-Neto, 2013; López-González, Presley, Lozano, Stevens, & Higgins, 2012; Meynard, Boulangeat, Garraud, Mouquet, & Thuiller, 2013; Willig et al., 2011) .
In this analysis, survey data are compiled into a site-by-species matrix, which is ordinated to arrange the metacommunity by sites that contain similar species compositions and by species with similar distributions among sites. Then, descriptive statistics of the ordinated matrix are analysed to assign a nominal metacommunity structure, such as Clementsian, Gleasonian, Nested, Checker-board or Random.
The observed structure gives insight into the mechanisms that influence community assembly in the system. For example, a Clementsian structure suggests that groups of species with similar environmental constraints turnover along a common gradient, whereas a Gleasonian structure suggests that species' occurrences respond to a dominant environmental gradient, but species responses are idiosyncratic, leading to a more continuous gradient of species occurrences. Further statistical tests can be conducted to identify the dominant environmental gradient(s) along which species assemble.
Recently, applications of the EMS have proven useful for understanding symbiont communities. For instance, Richgels, Hoverman, and Johnson (2013) showed that local environmental filters (e.g. abiotic and biotic wetland characteristics, such as surface area and host biomass) more strongly influenced the composition of trematode species in snail hosts compared to more regional-scale process, such as dispersal limitation (i.e. wetland connectivity). Similarly, looking across a large dataset of Sonoran Desert rodents, Dallas and Presley (2014) used EMS methods and variance partitioning to determine that host species traits that influenced habitat quality (e.g. host body size, longevity) were better predictors of parasite composition among host species than traits that influenced parasite colonization opportunities (e.g. host range size, diet breadth, phylogeny). These recent studies highlight the utility of metacommunity approaches for exploring how symbiont communities are structured across space and among hosts.
Their results also suggest local habitat filtering may be more important for mediating symbiont community structure compared to more regional-level processes.
When EMS methods rely on binary occurrence data, however, imperfect detection of species at surveyed sites often results in structure misclassification (Mihaljevic, Joseph, & Johnson, 2015) . In other words, suboptimal sampling of cryptic, rare or otherwise difficult to detect species can lead to ordinated matrices that obscure the true structure of the metacommunity, ultimately impeding our understanding of underlying biology. Additionally, to discern which environmental gradients might lead to observed patterns in species turnover, many studies using EMS implement univariate correlation tests between the site-by-species matrix ordination scores and a suite of environmental covariates. However, this strategy collapses a wealth of information, including species-specific responses to environmental covariates and the simultaneous influence of multiple covariates, into one or two component axes. Importantly, Jackson, Turner, Pearson, and Ives (2012) showed that models that estimate species-specific responses are better able to detect influential environmental gradients compared to common approaches that collapse the community into smaller dimensions (e.g. redundancy analysis, canonical correspondence analysis [CCA] and non-metric multidimensional scaling [NMDS] ).
In this study, we combine three emerging methods in metacommunity ecology-multivariate statistics, detection-error correction and the EMS-in a cohesive analysis to evaluate the roles of space, habitat filtering and host community composition on symbiont occupancy and species turnover. We utilize an extensively surveyed amphibian-symbiont system that consists of eight parasite taxa, most of which are digenetic trematodes, and their intermediate amphibian and snail host communities. Several of these symbionts cause moderate to severe pathology, making an understanding of symbiont community composition of great importance in this system (Koprivnikar et al., 2012) . We hypothesized that host community composition would limit symbiont occupancy across sampled wetlands, given that these symbionts have complex life cycles and rely on a variety of host taxa, such as snails, larval amphibians and terrestrial vertebrates. We also expected that wetland isolation or regional location would limit symbiont occupancy via effects on colonization opportunities. Finally, we suspected that local habitat filtering-beyond effects manifesting on the host communities-could act to influence symbiont occupancy to a lesser extent, likely through effects on the survival or spread of parasite free-living stages . By using and further developing tools to evaluate metacommunity structure, our overarching aim was to apply ecological theory developed for free-living communities to better understand the determinants of symbiont community variation across space and time.
| MATERIALS AND METHODS

| Natural history
During the aquatic larval life stage, amphibians can acquire a variety of helminth and protozoan symbionts, whose effects range from benign to severely pathogenic (Koprivnikar et al., 2012; Schotthoefer et al., 2011) . The majority of the parasites found in larval amphibians are digenetic trematodes, which have complex life cycles requiring multiple host species (Combes, Bartoli, & Théron, 2002; Koprivnikar et al., 2012; Poulin & Cribb, 2002) . While trematode species can have a variety of host types, modes of transmission, modes of movement, and other life-history characteristics, we briefly introduce those that are most relevant to the taxa found in wetland habitats in California . A typical life cycle consists of a reproductive adult within a definitive host, typically a mammal, bird, amphibian or reptile, which deposits trematode eggs into the wetland via host fae- For instance, Ribeiroia ondatrae, which penetrates the developing limb bud of tadpoles, can cause mortality in tadpoles and severe limb malformations, even with low loads (Johnson, Kellermanns, & Bowerman, 2011) . In contrast, Alaria spp., which is found non-specifically throughout amphibian tissues, causes limited pathology even at very high loads Johnson, Lunde, Ritchie, & Launer, 1999) . The two protist taxa identified in this study, Opalina spp. and Nyctotherus spp., develop within the amphibian host's small intestine, from which cyst stages are expelled into the wetland with host faeces (El Mofty & Smyth, 1964) . Consumption of the cyst stage initiates a new infection. More detailed information about symbiont natural history, life cycle and taxonomy can be found in Appendix S1.
| Sampling methods
We surveyed 174 wetlands and 3,571 amphibian hosts across the Bay Area of California during the summers (July-August) of 2009-2013, following the sampling design presented in Richgels et al. (2013) and Johnson, Preston, Hoverman, and Richgels (2013) (Figure 1 ). These wetlands harbour up to six amphibian species, five snail species, and many symbiont species that utilize multiple intermediate and definitive host species within the wetlands. Here, we focus on the symbiont communities of the Pacific chorus frog, Pseudacris regilla, which is the most commonly occurring frog, is often found in large numbers, and harbours a diverse suite of macro-and micro-parasites . Note that we use the inclusive term "symbiont," which generally includes mutualists, commensals and parasites that rely on a host. We define a local symbiont community to be all the symbiont taxa that reside within a wetland, which we delineate as the local habitat patch. Thus, we amalgamate the within-host symbiont community of each sampled frog to a local, wetland-level symbiont community. Then, the symbiont metacommunity for a given year consists of all of the wetlands surveyed within that year.
During field surveys of each wetland, c. 10 recently metamorphosed P. regilla were collected (range 8-29, median 10) by hand and subsequently examined for symbionts ; Appendix S1).
For each individual host, we carefully examined all host organs and tissues, identifying and quantifying all encountered symbionts. Larval trematodes (metacercariae and mesocercariae) were mechanically excysted (if necessary) and identified to genus or species using morphological features (Hartson, Orlofske, Melin, Dillon, & Johnson, 2011; Johnson et al., 2016) . We encountered 18 unique taxa of trematode and protist species. However, because we were interested in associating symbiont community composition with wetland-specific characteristics, we limited our dataset to include only P. regilla individuals that harboured parasite types acquired during larval development. We therefore excluded individuals infected with symbionts acquired in the terrestrial habitat or after hosts transition from herbivory to carnivory with metamorphosis. This ensured that hosts collected from a wetland likely did not migrate from some other source. Thus, we removed five trematode (primarily adults) and three nematode taxa; we removed an additional two trematode taxa found in <1% of hosts, leaving a final symbiont pool of six trematodes and two protists (Table 1) . Within survey years, any symbiont taxon found in <5% host individuals was also removed from the metacommunity analysis to reduce bias in metacommunity statistics, such that the symbiont pool ranged from five to eight taxa among years.
| Ecological drivers of symbiont occurrence
Based on previous research and ecological theory (Hartson et al., 2011; Schotthoefer et al., 2011) , we carefully selected a suite of wetland-level covariates to explain symbiont occurrence and turnover, which we grouped into three categories: spatial characteristics, habitat filtering and host community composition (Table 2) . We selected spatial features that could influence the colonization rates of symbionts (i.e. measures of dispersal limitation). The spatial category consists of wetland latitude (Lat) and the percentage of area within a 1 km buffer of each wetland that was occupied by wetland (WET; based on 2006 natural land cover database [NLCD] imagery). To deal with zero-inflation in the WET statistic, we created a binary indicator variable, WET_z, which indicates whether the respective value of WET is zero. Thus, the model estimates one categorical effect when WET = 0 and one linear effect when WET >0, a strategy that preserves the linear relationship assumption. We also note that latitude was negatively correlated with longitude (Pearson's r = .74), such that our more northern sites were also more western sites.
We categorized additional wetland features as contributing to habitat filtering, in that these characteristics could influence the symbionts' abilities to persist in the habitat. These local abiotic and biotic characteristics included pond permanence (binary: ephemeral or permanent), wetland area, water conductivity, pH and the percentage of the shoreline vegetated, which were all measured at the time of sampling. Additionally, we included the percentage of area within a 1 km buffer that was covered in forest (Forest), also based on 2006 NLCD imagery, to serve as a proxy for human encroachment.
Our third covariate category included information on local amphibian and snail host community composition, which is important for symbiont transmission dynamics. Specifically, we included estimates of the total density of both larval amphibians and snails (Amph_Density, Snail_Density), and the total amphibian and snail species richness (Amph_Rich, Snail_Rich). We suspected that these metrics of composition could influence parasite transmission via the probability of contacting appropriate hosts. We also included the incidence of each amphibian and snail species as unique binary covariates in order to distinguish effects of host composition from the effects of specific host species. More details about amphibian and snail sampling can be found in Appendix S1. We note that we did not include the incidence of P. regilla, because it was necessarily present at all sites, nor did we include the incidence of Helisoma trivolvis, because this snail species was present at >94% sites, and inclusion of this covariate hindered model convergence. 
| Statistical overview
We developed a multispecies occupancy model to determine how the covariates influenced wetland-level occupancy rates of parasite taxa, while correcting for detection error. Our overall goal was to determine the most important environmental drivers of symbiont composition across space via model selection and to subsequently understand how these drivers influence the structure of the symbiont metacommunity in each year. In particular, we are interested in identifying environmental gradients that strongly affect species turnover in the symbiont community.
Our statistical routine is rooted in a recently developed extension of the EMS framework-detection error-corrected elements of metacommunity structure (DECEMS; Mihaljevic et al., 2015) . Briefly, DECEMS overcomes bias imposed by imperfect detection, which may be of particular importance for parasites, by accounting for the probability of detecting each species to estimate the "true" occupancy of each species. Then, we estimate metacommunity structure using the posterior samples of the estimated occupancy of each species at each site. This allows for a more rigorous exploration of uncertainty in categorical metacommunity structures. Moreover, the multispecies occupancy model estimates species-specific covariate effects, a more powerful tool for inferring the impact of covariates on species turnover (Jackson et al., 2012) . We describe each part of this process in detail below. Data and code available from the Dryad Digital
Repository https://doi.org/10.5061/dryad.mf202 (Mihaljevic, Hoye, & Johnson, 2017) .
| The occupancy model
Our multispecies occupancy model is based on the statistical framework proposed by Jackson et al. (2012) ; however, we extend the model to account for detection error in a Bayesian framework. Importantly, Jackson et al. (2012) showed that, by estimating species-specific covariate effects, the model outperforms many standard methods used to identify environmental drivers of species turnover, such as CCA and NMDS.
Our data consist of the number of frogs in which each symbiont taxon is observed at each wetland, assembled into the vector y q :
Here q = 1, …, NM, where N is the number of symbiont taxa and M is the number of sites. y q is then assumed to follow a binomial distribution. p n [q] represents the probability of detecting species, n, when it is present; and j q is the number of frogs sampled from a given wetland, which allows us to account for sampling effort and therefore estimate detection rates. In our case, the detection probability can be interpreted as the average prevalence of a symbiont within a site (i.e. the average per cent of the larval P. regilla population expected to be infected with a given parasite species within a wetland). z q then represents the "true" occurrence of the species at a given wetland, taking values of zero or one. Therefore, even if a species is truly present, a low detection probability could lead to an observed absence at the wetland. z q is estimated as a Bernoulli random variable with probability, ψ q , the species-specific probability of occurrence at a wetland:
The species-specific occurrence probabilities, ψ q , are then linearly related to the covariates:
The site-specific covariates are stored in matrix, X site [q] , which is multiplied by the vector of species-specific slopes (i.e. covariate effects), B n [q] . We allow the species-specific, baseline occurrence prob- , respectively. Thus, the model is able to generate biascorrected, species-specific estimates of covariate effects by accounting for detection error.
In particular, we are interested in using the model to identify environmental gradients that strongly affect spatial turnover in the symbiont community. This means we are interested in identifying covariates with significant random effects; in other words σ 2 slope for the covariate is significantly greater than zero. This would suggest that symbiont species respond to the covariate differentially, leading to turnover in composition among wetlands along a gradient of the covariate. We are also interested in identifying covariates that have significant fixed effects; in other words, μ β for the covariate differs significantly from
zero. This would demonstrate that the covariate has significant effects on occurrence that are consistent across most symbiont species (i.e.
consistently positive or negative covariate effects among species).
Because the model estimates species-specific covariate effects, we can also associate changes in symbiont composition to taxon-specific effects (more below).
We ran the model using a Bayesian approach to inference and an initial 80,000 iteration adaptation phase, followed by an 80,000 iteration burn-in period, and then 1,500 iterations were stored, thinning by 50 iterations, for a total of 235,000 iterations per model run. We assessed convergence using the potential scale reduction factor, R (Gelman, 1996 ). An example model statement is provided in Appendix S2. We equate "significance" to effects that are reliably non-zero, meaning that their 95% highest density interval does not overlap zero.
| Model selection: Within-sample and out-ofsample prediction
For the 2009-2012 data, we created models that included all nested subsets of our covariate categories, such that the "SpatHabHost" model included all covariates, while, for example, the "SpatHost" model included only the spatial and host community-related covariates (see Tables 1 and 3 ). For each one of these nested models, we calculated a Bayesian metric of within-sample predictive accuracy, the Watanabe-Akaike information criteria (WAIC). WAIC is analogous to AIC in that lower values of WAIC indicate better models;
however, whereas AIC estimates a penalty for complex models using the raw number of parameters in the model, the WAIC uses the variance of the posterior samples. WAIC has several advantages over other Bayesian-type information criteria, and is the preferred metric for occupancy models (Hooten & Hobbs, 2014; Watanabe, 2013) .
We calculated the WAIC for data subsets of each model. Specifically, we calculated a WAIC for each symbiont taxon (using the data for that taxon across all years), and then a WAIC for each year of the model (using the data for all species within a year), and then the total WAIC for the model. This allows us to understand how well the model predicts (withinsample) data for each taxon individually and for each year individually.
We also compared our covariate models to a null model that only included the intercepts (species-specific baseline probabilities). It should be noted that this model is far less complex than the covariate models.
This could lead to lower WAIC scores even though the within-sample prediction (i.e. likelihood) is generally worse than the covariate models' .
We also explored how well our statistical models were able to predict out-of-sample data. Here, we used additional data from 55 wetlands sampled in 2013, and we calculated the receiver operating characteristic area under the curve (ROC AUC) (Zipkin, Grant, & Fagan, 2012) . In brief, this metric is generated by comparing ( 
| Estimating metacommunity structure based on the model output
For each year (2009) (2010) (2011) (2012) and for the combined 2009-2012 dataset, we used the "best" model (based on year-wise WAIC selection, Table 3) to estimate metacommunity structure. For the 2013 metacommunity, we used the model with the highest median AUC. From each of these models, we compiled posterior estimates of true occupancy, z q ,
into posterior site-by-species matrices, Z post (Mihaljevic et al., 2015) .
We created 300 Z post matrices for each year, and for each matrix, we calculated the three EMS-coherence, turnover and boundary clumping. Based on these metrics, we assigned a categorical metacommunity structure to each Z post . Thus, we are able to generate pseudo-posterior estimates of each element of metacommunity structure and an overall probability distribution of metacommunity structure. In other words, we are able to determine the posterior probability that a metacommunity exhibits any given structure type. We generated the EMS using the package metacom (version 1.4.6) in R, which relies heavily on the vegan package (version 2.4-3) (Dallas, 2014; Oksanen et al., 2013) . The details of calculating these metrics have been reviewed extensively elsewhere (e.g. Leibold & Mikkelson, 2002; Mihaljevic et al., 2015; Presley et al., 2010) . Data and code available from the Dryad Digital Repository https://doi.org/10.5061/dryad.mf202 (Mihaljevic et al., 2017) .
| RESULTS
| Surveys
Larvae of six amphibian species were detected: Taricha torosa 
| Environmental drivers of species turnover
Based on WAIC model selection, the spatial and host community composition components consistently influenced symbiont taxa occurrence and, consequently, overall community composition, whereas the models with habitat filtering showed little support (Table 3) . The withinsample model selection approach was largely validated by the AUC analysis using the 2013 data, where models with combinations of spatial and host components out-competed the null model for three out of the eight taxa (Table S1 in Appendix S2). All models, including the null with estimated baseline occurrences, showed relatively high predictive accuracy (median AUC for all models were greater than 0.76).
The effect of spatial covariates was driven by wetland latitude, which had a negative slope across all taxa (i.e. a negative fixed effect μ β <0), meaning that overall occupancy probability increased in southeastern wetlands (Table 4 , Figure 1 ). There was also a negative effect of latitude on Alaria spp. and Nyctotherus spp. individually (Table 4) . The effect of host community composition on symbiont composition was more complex. First, each symbiont's occupancy probability increased with snail species richness, likely due to an increased probability that their required intermediate snail host
would occupy sites with more snail species ( (Table 4) .
While neither larval amphibian density nor richness had significant effects on the symbiont community, the presence of particular amphibian species was associated with some symbionts' occupancy probabilities. Cephalogonimus spp. showed a negative response to the presence of R. catesbeiana, but a positive response to the presence of R. draytonii. The presence of R. catesbeiana was also negatively associated with the occupancy of M. syntomentera.
Based on WAIC analysis, the effects of the spatial and host community composition components were strongest for Alaria spp., Fibricola spp. and Nyctotherus spp., and were strongest in explaining overall community composition in 2010 and 2011. In the AUC predictive analysis using 2013 data, we noticed that models that included the habitat filtering covariates also out-competed the null model for some taxa (Table S1 in Appendix S2). This is likely because the AUC analysis does not penalize for model complexity, and the statistical model showed a significantly negative effect of water conductivity for three of the eight symbiont taxa. In Appendix S2, we show the covariate effect estimates and their 95% highest density interval (HDI) for all nested models, but we note that these estimates are largely consistent across models (e.g. the effect of latitude is similar in magnitude across all models that include the spatial components).
| Metacommunity structure influenced by species-specific effects
While metacommunity structure did vary from year to year, years that showed non-random structure showed nested structure (Table 5, T A B L E 4 Covariate effects estimated by the full model ("SpatHabHost"). Only covariate effects that differ from zero (based on the 95% highest density interval [HDI] ) are shown. Full tables of covariate effects and their 95% HDI, for each statistical model, are shown in Appendix S2. Note that the effect of AMCA is italicized because it had a significant random effect (σ > 0). However, this effect was driven by a marginally significant effect on CEPH it is likely that the presence of these three taxa, for which we have strong model support, also contribute strongly to coherent metacommunity structure in this system.
| DISCUSSION
Applications of metacommunity theory to host-symbiont distributional patterns remain rare, despite the value of metacommunity tools for understanding how and why symbiont community composition changes over space and time. Here we integrated three emerging tools from metacommunity research-multispecies statistical modelling, detection-error correction and the EMS-to explore how symbiont communities varied in space and time, using parasites within populations of a pond-developing frog as our study system. In most years, the symbiont communities of P. regilla exhibited nested metacommunity structure across wetlands, although some years showed random structures. By decomposing community-level changes into symbiontspecific responses, our analyses suggest that both spatial components and components of the host community composition are the most important drivers of species turnover in this system. Particularly, southeastern sites had higher occupancy probability across symbionts, and symbionts responded to various aspects of the snail and amphibian intermediate host community composition, somewhat idiosyncratically.
Nonetheless, metacommunity structure and the strength of environmental gradients varied among years, likely due to yearly variation in the parasite species pool, variability in species-specific responses to covariates and unmeasured environmental factors.
| Environmental gradients
We found strong evidence that a wetland's spatial position in the landscape affected parasite occurrence probabilities and spatial turnover.
In general, symbionts tended to have higher probabilities of occurrence at the southeastern wetlands, which were situated in larger areas of undeveloped land relative to those in the northwest portion of our sampling design (Figure 1 ). Based on a simple species-area relationship (Rosenzweig, 1995) , one might expect that these southeastern areas have a higher diversity of vertebrate, definitive host species, which often results in higher colonization rates for symbionts and a more T A B L E 5 Yearly metacommunity structure and associated statistics. For coherence, turnover and boundary clumping, we display the median posterior value for each statistic, based on measurements from 300 F I G U R E 2 Metacommunity structures for each of the 4 years of sampling. Panels consists of the ordinated metacommunity matrix for a given year, where wetlands are rows and symbiont species are columns. This matrix is filled based on the probability of occurrence for each symbiont at each wetland, where black represents 100% probability of occurrence (i.e. the symbiont was observed diverse symbiont species pool (Hechinger & Lafferty, 2005; Hechinger, Lafferty, Huspeni, Brooks, & Kuris, 2007) . Thus, spatial position likely influences the symbionts' abilities to colonize via effects on definitive host species, which are the primary mode through which trematodes move between sites. We unfortunately do not have data on the vagile definitive hosts that can transport parasite eggs across the landscape, often wading birds and carnivorous mammals, including raccoons and canids. Future studies could employ camera traps or bird and mammal scat surveillance to explain more variability in the wetland-level community composition of symbionts with complex life cycles.
Snail community composition, and in particular, snail species richness was a strong driver of symbiont occupancy probability. All taxa in our system responded positively to snail species richness, likely due to an increased probability that any given intermediate snail species
would be present at higher snail richness. We also sampled sites with zero snail species, meaning that, inevitably, a non-zero richness would increase the chances of finding trematode parasites, given their re- and R. ondatrae) responded negatively to the presence of many other snail taxa, and a similar pattern held for the symbionts that use physid snails. Previous research in our system and others has shown while host diversity "begets" symbiont diversity (Hechinger & Lafferty, 2005; Johnson et al., 2016) , the presence of alternative, non-host species can decrease the transmission of symbionts due to a variety of mechanisms (Johnson & Thieltges, 2010; Keesing, Holt, & Ostfeld, 2006) .
For instance, alternative snail hosts reduce transmission via failed infection events in unsuitable (i.e. "decoy") or low competency hosts (reviewed in Johnson & Thieltges, 2010) . Additionally, the presence of congeners influences the competitive dynamics within the snail community. In our system, competition among snail species affects the overall densities, relative abundances, survival and fecundity of snails, which consequently reduces parasite transmission, at least for R. ondatrae . Thus, snail richness and the identity of snail host species within a wetland both play important roles for explaining symbiont community composition.
The composition of alternative amphibian hosts had a smaller impact on symbiont community composition compared to snail composition. Notably, however, the occupancy probability of Cephalogonimus spp. and M. syntomentera declined in the presence of R. catesbeiana, the American bullfrog, which is an introduced species in this region.
Rana catesbeiana is known to negatively affect the occurrence and abundance of other amphibian species' larvae in our system (Boone, Semlitsch, Little, & Doyle, 2007; , and functions as a "low competence" host for several of these parasites . Another interesting finding was that the occurrence of the trematode parasite Cephalogonimus spp. correlated positively with the presence of the amphibian host, R. draytonii.
Although we do not know the exact species identity of this symbiont, parasites in this genus use amphibians as definitive hosts. Our results suggest that future studies should examine the potential role of the California red-legged frog in the life cycle of this understudied symbiont.
We also note that the null model, which estimates baseline occurrence but no covariate effects, had significant predictive ability for both within-sample and out-of-sample data. This is not surprising for a number of reasons. First, baseline occurrence probability still provides a great deal of information about the system and must be estimated from a large amount of data (i.e. the average number of wetlands a symbiont is expected to occupy in any given year); in other words, the null is not agnostic. Accordingly, the null model was able to predict our "unobserved" 2013 with >70% accuracy. A truly agnostic null would assume each symbiont taxa to have a 50% chance of occupying any given site. However, we wanted to assess how well we could explain occupancy with specific covariates, above and beyond baseline occurrence. Second, occurrences of two of the symbionts (Echinostoma spp.
and Opalina spp.) constituted 55% of all observations in the dataset and were nearly ubiquitous in most years, making it difficult to associate their occurrence with any particular gradient; thus, our covariate models could only really explain the remaining 45% of data. Therefore, the fact that we have support for covariate models above our relatively informative null model is a significant achievement.
| Metacommunity structure
We found nested metacommunity structures in most years, and noncoherent (random) structures in others. Nested structures result from a pattern in which species poor sites tend to have a subset of taxa found in more speciose sites. There are many biological and statistical mechanisms that can lead to a nested metacommunity, such as species specializing on nested subsets of a shared environmental gradient. Random structure (i.e. the lack of coherence) could indicate that there is not a dominant environmental gradient structuring the community, that species respond randomly to any given gradient (or that multiple gradients obscure a cohesive pattern) or that we do not have a large enough species pool or a large enough number of sites to detect an existing pattern (Gotelli, 2000; Presley et al., 2010) .
Particularly relevant to 2012, a smaller number of wetlands and species leads to a smaller and sparser matrix, which results in less power to detect patterns (Gotelli & Graves, 1996; Ulrich & Gotelli, 2013) .
Similarly, a depauparate species pool could cause the EMS analysis to struggle to differentiate between structure types (Gotelli, 2000) .
These same arguments, however, apply to us finding nested patterns. Specifically, sparse matrices could lead to a higher rate of false positives (type I error). It should also be noted that even if the EMS statistics show random structure, other statistical methods of detecting nestedness could indeed indicate nested patterns (e.g. the nestedness metric based on overlap and decreasing fill) (Almeida-Neto, Guimaraes, Guimaraes, Loyola, & Ulrich, 2008) .
The nested structures are not easily linked to the dominant environmental gradients found in our statistical routine, and were likely influenced by highly prevalent species and species-specific responses to different environmental gradients. For example, in 2010, the symbiont metacommunity had a c. 60% probability of having nested structure.
Although the distributions of R. ondatrae, M. syntomentera, Alaria spp.
and Cephalogonimus spp. were nested within the broad distributions of three other symbionts, there were also many instances in which these species did not occur with one another. Additionally, there was not a single covariate to which these taxa responded consistently that might be different from the other more broadly distributed taxa. The ambiguity in structure identity could thus be the result of species' occurrences responding to different environmental gradients that are spread variably across the landscape, rather than a coherent response to a single gradient.
Among years, variation in metacommunity structure was likely the result of local or regional changes in environmental condition. While we did not attempt to explain inter-annual variability in structure with our statistical analyses, such patterns could be influenced by varia- small number of important environmental gradients consistently affect parasite community structure in our study system, the relative magnitudes of their effects could vary in response to regional climatic conditions. And, given that our statistical method is meant to find the simplest model to explain the data, any covariates with small effects could get discounted from the top models, leaving only the covariates with greatest effects.
| CONCLUSIONS
For symbiont communities, metacommunity theory and emerging statistical tools offer methods to explore the impacts of local environmental filtering, such as host composition, and regional processes, such as dispersal limitation, on multi-scale symbiont distributions. In turn, symbionts offer a unique ecological community with which to evaluate metacommunity theory. Here, we used the EMS, embedded within a rigorous and novel statistical routine, to explore how environmental gradients and host composition affects symbiont community turnover through space and time. By sampling a large number of individual hosts across numerous replicate wetlands and over time, our results indicated that the symbiont metacommunity within P. regilla exhibited mostly nested structure but that this structure was not consistent in all years. Local symbiont composition responded most strongly to variation in host community composition and the geographic placement of wetlands, which likely influences definitive host diversity. Our results are also relevant to other systems of symbionts that include species with complex life cycles. These symbionts rely on multiple host species that often utilize vastly different environments.
Predicting the symbiont composition in any one environment will require integrating the effects of symbiont colonization and transmission across environment types. Thus, further understanding symbiont community dynamics across space and time will require a synthesis of ecological and evolutionary dynamics that occur at multiple spatial
scales. An emphasis on building analytical tools and methods that link dynamics across scales should be a priority in this field.
